Zeolite NaA (LTA) membranes supported by an alumina porous support tube are useful tools for dehydration of organic liquids.
1
For design not only of synthesis methods of the LTA membrane but also of the optimum dehydration process, it is very important to understand a certain relationship between the fine structure of the LTA membrane and the dehydration performance. So far, many researchers have characterized zeolite membranes used for pervaporation (PV) dehydration process by using X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), electron probe microanalysis (EPMA) and so on. 1 However, since those methods provide only information on mm -μm scale, the fine structure of the membranes which must affect PV dehydration performance has not been clarified well.
Among the characterization methods of zeolite materials, it is already well known that transmission electron microscopy (TEM) is a useful method to study fine structure. [2] [3] [4] [5] We already reported a TEM observation method with focused ion beam (FIB) thin-layer specimen preparation technique for the characterization of the fine structure of LTA membranes. 6, 7 In our previous work, 8 it was also reported that Fourier transform infrared attenuated total reflectance method (FTIR-ATR) with a diamond prism as the waveguide can be used conveniently to determine ethanol/water PV dehydration performance (water selectivity) using Si-O asymmetric stretching vibration spectrum of the LTA membrane. As described there, since the FTIR-ATR method is the most useful and attractive method to characterize nondestructively tubular LTA membrane surface, for pursuing our FTIR-ATR study more deeply, it is very important to compare the Si-O spectrum with TEM images of fine structure and to grasp their relationships.
Therefore, in this study, the tubular LTA membrane for dehydration of ethanol was characterized by both the TEM with FIB thin-layer specimen preparation technique and the FTIR-ATR. Three LTA membrane samples synthesized under different hydrothermal conditions were used to check performance of the combined method. Using such results, we could study the thickness of surface LTA crystals, grain boundary, LTA/alumina interface structure and crystallinity and density of materials inside of the alumina porous support. Consequently, fine structure changes of LTA membranes corresponding to hydrothermal synthesis conditions could be sensitively detected.
Experimental
Tubular LTA membrane sample and PV test of ethanol/water mixture Figure 1 (a) shows a schematic diagram of tubular LTA membrane. Porous alumina tubes with dimensions of 12 ± 0.3 mm o.d., 9 ± 0.3 mm i.d. and 800 mm length were used as a substrate. 9, 10 Average pore size and porosity of the substrate were 1.3 μm and 40 -47%, respectively. 9,10 LTA membranes were gel-synthesized hydrothermally on the substrates according to our previous work. 9, 10 In this study, hydrothermal synthesis times of 3 -5 h were tested. The thicknesses of surface layer of the LTA membranes used in this study were approximately 2 -4 μm.
To estimate dehydration performance of the LTA membrane, we carried out a PV experiment according to our previous work. 9, 10 The 800 mm LTA membrane tubes were cut into several 100 mm tubes prior to the PV test. Using the 100 mm tubes, we determined PV dehydration performance (permeation flux, Q in kg m A zeolite NaA (LTA) membrane supported by an alumina porous support tube for pervaporation (PV) dehydration of ethanol was characterized by transmission electron microscopy (TEM) using a focused ion beam (FIB) thin-layer specimen preparation technique and by Fourier transform infrared attenuated total reflectance method (FTIR-ATR) using a diamond prism as the waveguide. FIB-TEM clearly presented cross-section images up to about 15 μm depth from the membrane surface. FTIR-ATR monitored the Si-O asymmetric stretching vibration spectrum. The Si-O spectrum was compared with the TEM image and their relationships were discussed. By combining the two methods, we could study the thickness of surface LTA crystals, the grain boundary, the LTA/alumina interface structure and the crystallinity and density of materials inside of the alumina porous support. Consequently, fine structure changes of the LTA membrane corresponding to the hydrothermal synthesis condition could be sensitively detected. fractions of the water components in the binary feed mixture and in the permeate, respectively. Subscripts w and e refer to water and ethanol, respectively. Therefore, the higher α values mean better dehydration performance. For the membrane samples used in this study, although the permeation flux (Q) little changed (5.6 -5.7 kg m -2 h -1 ) for the synthesis times of 3 -5 h, the water selectivity (α) increased (11000 -34000) with the synthesis time.
FTIR-ATR measurement
For the FTIR-ATR measurement, we employed a FTIR spectrometer (Nexus 670) equipped with an ATR attachment (single reflection type, Smart Golden Gate) manufactured by Thermo Electron Corporation. A diamond prism was used as the waveguide. According to our previous work, 8 the 100 mm tubular membrane samples after the PV test were pressed and fixed on the prism. The size of the IR beam was 2 mm and the incidence and reflection angles were both 45 degrees. The interferograms were accumulated for 100 times at the spectral resolution of 4 cm -1 . Each spectrum was recorded in the mid IR region between 400 and 4000 cm -1 , and the signal from the Si-O asymmetric stretching vibration (830 -1200 cm -1 ) was monitored. To get average information of the membrane and to check the reproducibility, we measured eight randomly selected points on the membrane surface for each sample.
TEM observation with FIB thin-layer specimen preparation technique
Using the specimens after the FTIR-ATR measurements, we conducted TEM observations by the FIB thin-layer specimen preparation technique. 6, 7 For FIB (Hitachi FB-2100, using gallium ion beam) operation, as shown in Fig. 1(b) , cross section thin-layer (about 100 nm in thickness) specimens of the LTA membrane were prepared up to about 15 μm depth from the membrane surface, because the alumina support layer is very hard so that FIB operation is time-consuming. TEM (Hitachi HF-2200, with an accelerating voltage of 200 kV) equipped with scanning TEM (STEM) and energy dispersive Xray detector (EDX) was used for the imaging and nano-area elemental analysis of the cross section thin-layer specimen prepared by FIB. Figures 2 and 3(a) show typical TEM images of the cross section of the LTA membrane hydrothermally synthesized for 3 h. The thickness of surface layer on alumina support tube was approximately 2 μm. Columnar LTA single crystals and grain boundaries (several nm in width) 6, 7 were clearly observed in the surface layer. Materials which are considered to be LTA and/or amorphous 8 were thickly embedded inside of the alumina support although some voids were observed. Although the thicknesses of the surface layer of the LTA membranes used in this study were very thin and almost identical among different membrane samples, those of materials embedded in alumina porous support were very thick, as shown in Fig. 2 . Such information cannot be obtained from SEM. 1 In this time, real thicknesses of materials embedded in alumina porous support were not determined, because the alumina support layer is very hard so that FIB operation is time-consuming. Figure 3(b) shows a typical Si-O asymmetric stretching vibration region of LTA membrane FTIR-ATR spectra. 8 The Si-O spectrum shows a bimodal peak (1012 cm -1 of surface LTA and 930 cm -1 of LTA and/or amorphous substances embedded in relatively deep parts of surface LTA layer or alumina porous support). 8 The high background at frequencies lower than 800 cm -1 is mainly attributed to alumina substrate. 8 Figure 4 shows Al/Si X-ray intensity ratios of several points in the cross section specimen determined by STEM-EDX and the difference in the elemental compositions among surface columnar LTA single crystal, grain boundary and materials inside of alumina porous support. Although the ratios of surface columnar LTA single crystal are fairly constant, those of materials inside of alumina porous support show a wide variation and Al-rich compositions. This excessive Al should be supplied from alumina support and suggests the presence of mixtures of LTA crystal and amorphous substances. show Si-O asymmetric stretching vibration spectra of LTA membranes hydrothermally synthesized for 4 and 5 h, respectively. As shown in these figures and in Fig. 3(b) , the Si-O spectral shape changed with the synthesis time, that is, the 930 cm -1 region, suggesting LTA and/or amorphous substances embedded in relatively deep parts of surface LTA layer or alumina porous support, 8 gradually split into two peaks. Figure 7 shows a TEM image of LTA/alumina interface of the LTA membrane synthesized for 5 h. Single crystal particles rather than columnar ones were observed in the interface, although those were not observed in the interface (Fig. 3(a) ) of the membrane synthesized for 3 h. Therefore, the split peak of 930 cm -1 region in the Si-O spectra may reflect formation of the single crystal particles in LTA/alumina interfaces. These results indicate that the Si-O spectral change may be used conveniently to study LTA/alumina interface structures.
Results and Discussion

TEM image and elemental mapping of cross section, and Si-O asymmetric stretching vibration spectrum
A method of combining TEM with FIB thin-layer specimen preparation technique and FTIR-ATR could sensitively detect changes of fine structure of LTA membrane corresponding to hydrothermal synthesis conditions. This unique method provides novel information on zeolite membrane structure characterization.
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